Protein cysteine thiols are post-translationally modified under oxidative stress conditions. Illuminated chloroplasts are one of the important sources of hydrogen peroxide (H 2 O 2 ) and are highly sensitive to environmental stimuli, yet a comprehensive view of the oxidation-sensitive chloroplast proteome is still missing. By targeting the sulfenic acid YAP1C-trapping technology to the plastids of light-grown Arabidopsis cells, we identified 132 putatively sulfenylated plastid proteins upon H 2 O 2 pulse treatment. Almost half of the sulfenylated proteins are enzymes of the amino acid metabolism. Using metabolomics, we observed a reversible decrease in the levels of the amino acids Ala, Asn, Cys, Gln, Glu, His, Ile, Leu, Lys, Phe, Ser, Thr and Val after H 2 O 2 treatment, which is in line with an anticipated decrease in the levels of the glycolysis and tricarboxylic acid metabolites. Through the identification of an organelle-tailored proteome, we demonstrated that the subcellular targeting of the YAP1C probe enables us to study in vivo cysteine sulfenylation at the organellar level. All in all, the identification of these oxidation events in plastids revealed that several enzymes of the amino acid metabolism rapidly undergo cysteine oxidation upon oxidative stress.
INTRODUCTION
Environmental changes, such as varying light intensities and temperatures, are rapidly perceived in chloroplasts, as these changes directly affect photosynthetic efficiency (Dietz and Hell, 2015; Kleine and Leister, 2016) . Singlet oxygen, superoxide radicals and hydrogen peroxide (H 2 O 2 ) are produced along the photosynthetic electron transport chain when excessive energy input exceeds the reducing potential. H 2 O 2 is an especially important signaling molecule during plant developmental processes and stress responses (Waszczak et al., 2018) . H 2 O 2 reacts with cysteine thiols on proteins, forming sulfenylated cysteines. This modification can affect the conformation, activity and interactivity of these proteins (Couturier et al., 2013; Huang et al., 2018) . After this first oxidation step, the sulfenic acid (-SOH) formed can react with protein thiols or low-molecular-weight thiols forming disulfides. These disulfides can be recycled by the thioredoxin (Trx) or glutaredoxin (Grx) pathways. Alternatively, -SOH can be further oxidized to sulfinic (-SO 2 H) and sulfonic (-SO 3 H) acids (Roos and Messens, 2011) . The Grx-and Trx-dependent reversibility together with the high sensitivity of thiols make H 2 O 2 -dependent sulfenic acid formation an ideal switch to trigger or shut-off downstream signaling responses (Waszczak et al., 2015) .
Given the growing interest in understanding H 2 O 2 perception and signaling, proteomic tools to identify sulfenylated proteins have been implemented and optimized for plant cells (Akter et al., 2015b; Huang et al., 2018) . Initial approaches relied on a three-step workflow consisting of blocking free thiols in an extracted proteome, followed by reduction in the oxidized cysteines and finally by the labeling of the newly generated thiols (Alvarez et al., 2009; Wang et al., 2012; Muthuramalingam et al., 2013) . These indirect proteomic approaches are limited to the in vitro identification of Cys oxidation, however, and because redox-linked factors can be highly reactive and vulnerable to chemical reactions and alterations during isolation and downstream handling, they are prone to detect artefactual and extraction-dependent oxidation events . More recently, the direct labeling of sulfenic acids by means of specific sulfenic acid-directed carbon nucleophiles, such as DYn-2, enabled in vivo identification (Oger et al., 2012; Akter et al., 2015a Akter et al., , 2017 . Given the advantage of genetically encoded proteinaceous probes for in vivo studies, such as specific subcellular targeting and spatiotemporal expression, we have previously applied a yeast transcription factor (yeast ACTIVATOR PROTEIN 1; YAP1)-based approach as a proof of concept to trap sulfenylated proteins in the cytosol of H 2 O 2 -treated Arabidopsis cells. This protein-based sulfenic acid trapping device, 'YAP1C', contains a single redox-active Cys 598 that can form a mixed disulfide with proximal sulfenic acid residues. After tagbased enrichment, 97 sulfenylated proteins were identified by mass spectrometry (Waszczak et al., 2014) . Here, we assessed the in vivo plastid sulfenome of lightgrown Arabidopsis cells pulse-treated with H 2 O 2 . We report on 132 putatively sulfenylated proteins, representing approximately 5% of the plastid proteome. The sulfenylation of 43 of these proteins was induced in H 2 O 2 -treated samples. A large portion are enzymes of the amino acid biosynthesis pathways, and therefore we decided to also monitor the amino acid levels and the metabolites of the tricarboxylic acid (TCA) cycle and the glycolysis. Our data demonstrate that enzymes of the amino acid metabolism are redox sensitive.
RESULTS

Identification of sulfenylated proteins in plastids of lightgrown cells
To identify sulfenylated plastid proteins, we cloned the previously reported YAP1C and YAP1A (without the redoxactive Cys 598 ) probes behind the Cys-free chloroplast transit peptide of the E1a subunit of the plastidial pyruvate dehydrogenase (Smith et al., 2004) ) of the C-terminal cysteine-rich domain (cCRD) of YAP1 (Takanishi et al., 2007; Waszczak et al., 2014) . To confirm plastid targeting, we tested the localization of a C-terminal GFP fusion of both probes (p35S::chlYAP1C-GFP and p35S::chlYAP1A-GFP) in Nicotiana benthamiana (tobacco) leaves. The GFP fluorescence signal was exclusively observed in the chloroplasts, demonstrating the correct targeting of both probes (Figure 1) .
Next, transgenic light-grown Arabidopsis cell cultures expressing p35S::chlYAP1C and p35S::chlYAP1A were generated. These cell cultures are a well-established model system of dedifferentiated plant cells, grown under uniform conditions (McCarthy et al., 2016) , that express a large portion of the proteome. First, the expression levels of both probes and the mixed disulfide complex formation of chlYAP1C with sulfenylated proteins were evaluated on immunoblots, using increasing H 2 O 2 concentrations and treatment times (Figure 2a ). Based on the lowest H 2 O 2 concentration that induced complex formation, we selected the time point after H 2 O 2 treatment with the highest abundancy of mixed disulfide formation. Therefore, untreated cells and cells treated for 15 min with 1 mM H 2 O 2 were harvested. After protein extraction, the sulfenylated proteins were purified by tandem affinity purification, followed by a reductive elution with 5 mM dithiothreitol (DTT) and a subsequent elution with 20 mM desthiobiotin. For each treatment, two biological repeats were performed, protein extracts were separated into two batches when enough material was available and then purified in parallel, leading to between six and eight replicates per condition per probe. After a tryptic digest of the eluates followed by liquid chromatography-tandem mass spectrometry (LC-MS/ MS) analysis, proteins were identified. In total, 311 proteins were identified, 179 of which displayed a non-disulfide-based interaction with the probe, as they had also been identified with the chlYAP1A probe (Tables S1 and  S2 ). Of note is that very stringent criteria were used to retain chlYAP1C interactors for downstream analysis (for details, see the Experimental procedures), whereas proteins represented by one single peptide in a single sample were referred to as non-specific chlYAP1A interactors. Even with these precautions, we cannot completely exclude the possibility that a minor fraction of the identified sulfenylated proteins was not trapped by the formation of a specific disulfide bond with the chlYAP1C trap, because MS-based identifications are stochastic events. After removal of the chlYAP1A interacting proteins from the chlYAP1C interactors list, we retained 132 interactors (Table 1) , 98% of which had been previously demonstrated experimentally (for details, see Experimental procedures) and/or computationally predicted to reside in the chloroplasts (Tables S3 and S4 ).
To distinguish between steady-state sulfenylation and H 2 O 2 -induced sulfenylation, we first applied a 2 9 2 contingency v 2 test (P < 0.05) for the presence or absence of a given protein across the samples. For 22 proteins, the occurrence was significantly increased in H 2 O 2 -treated samples (Table 1) . We also determined the abundancies of trapped proteins before and after treatment with H 2 O 2 . This semi-quantitative assessment of H 2 O 2 -induced sulfenylation on proteins is based on protein intensity values using a two-sample Student's t-test. Thirty-three proteins (false discovery rate, FDR ≤ 1%) were shortlisted as proteins that were more abundantly 'trapped' upon H 2 O 2 treatment (Table 1) . A combination of the outcome of both approaches resulted in 43 proteins that could be considered as being sulfenylated upon oxidative stress.
Enzymes involved in amino acid metabolism are sulfenylated
To assess the identity of the sulfenylated proteins, we examined enriched gene ontology terms. Given the almost exclusive chloroplastic localization of the YAP1C interactors (98%), we used the chloroplast proteome (Table S3) as a customized background for gene set enrichment analysis by the PlantGSEA toolkit (Yi et al., 2013) , revealing a drastic enrichment for enzymes of the amino acid metabolism pathways (57/350; FDR = 1.82E-11) ( Figure 2c ; Table S5 ). In addition, specific amino acid biosynthetic pathway branches were enriched, including the Asp (FDR = 1.31E-4), Thr (FDR = 7.81E-3), branched chain (Val, Ile, Leu; FDR = 5.93E-5) and aromatic amino acid (Phe, Tyr, Trp; FDR = 2.44E-2) pathways. When considering the 43 H 2 O 2 -induced sulfenylated proteins for gene set enrichment analysis, only the Asp pathway remained enriched (FDR = 0.0906; Table S6 ).
H 2 O 2 treatment transiently reduces amino acid levels
In our attempt to assess the effect of sulfenylation on enzymes of the amino acid biosynthesis pathways, we quantified metabolite levels after H 2 O 2 treatment. Therefore, light-grown cells expressing chlYAP1C were treated with 1 mM H 2 O 2 for 4, 8 and 24 h. In parallel, untreated cells were harvested to assess steady-state levels for each time point. Metabolite levels were quantified by gas chromatography (GC)-MS (Lisec et al., 2006) . We followed the level of 70 polar metabolites from the amino acid metabolism, glycolysis, the TCA cycle, nucleotide metabolism and redox-related metabolites. Differential abundancies of these 70 metabolites, including all amino acids, were evaluated by a Student's t-test (Table S7 ). The level of 12 metabolites remained unchanged throughout the time course, whereas the levels of others were significantly (P ≤ 0.05) altered after treatment with 1 mM H 2 O 2 when compared with the untreated cells (Figure 2b ; Table S7 ). With a focus on the amino acids, only the Tyr level increased 4 h after H 2 O 2 treatment, whereas the levels of most amino acids (Ala, Asn, Cys, Gln, Glu, His, Ile, Leu, Lys, Phe, Ser, Thr and Val) decreased, with no changes being observed for Arg, Asp, Gly, Met and Trp (Figure 2b) . After 8 h of treatment, in addition to the Tyr level, the levels of Met and Trp accumulated. After 24 h of treatment, most amino acid levels recovered (Ala, Asn and Gln) or even increased (Arg, His, Ile, Leu, Lys, Met, Phe, Trp and Tyr) (Figure 2b) , except for the levels of Glu, Ser and Thr (Figure 2b ). We also analyzed the intermediates of the TCA cycle and glycolysis. Fructose-6-phosphate was the only metabolite of glycolysis in which the level decreased 4 h after treatment, whereas the levels of pyruvate and glycerate were significantly decreased at 6h and 24 h after treatment, respectively. For the TCA cycle, the levels of fumarate, malate and 2-oxo-glutarate were reduced 4 h after H 2 O 2 treatment, whereas succinate is the only metabolite that accumulated (Figure 2b ).
DISCUSSION
Given their sessile lifestyle, plants have to continuously adjust their physiological status to varying environmental challenges to acclimate, survive and reproduce. Therefore, they have largely evolved to fine-tune their metabolism to (Glaring et al., 2012) ; 18, Cys-ox (Muthuramalingam et al., 2013) ; 19, Cys-ox (Liu et al., 2015) ; 20, Cys-ox (Slade et al., 2015) ; a proteins that were not experimentally demonstrated or predicted to reside in the chloroplasts (for details of used criteria, see Experimental procedures). adapt to highly variable environments. As in other aerobic organisms, reactive oxygen species (ROS), and especially H 2 O 2 , are directly and indirectly integrated into plant developmental and stress-related responses (Mullineaux et al., 2018) . Redox homeostasis in plants is tightly controlled by antioxidant systems (Mittler et al., 2011) . Controlling these antioxidant systems is essential for the plasticity and flexibility of plants under fluctuating environmental conditions, and thus for plant growth and survival (Mullineaux and Baker, 2010) .
According to the endosymbiotic theory, cyanobacterial ancestors were acquired by eukaryotic cells, ultimately developing into plastids (Archibald, 2009 ). This organelle acquisition was accompanied with increased cellular H 2 O 2 production levels and allowed organisms to exploit H 2 O 2 to regulate metabolic processes (Halliwell, 2006; Woehle et al., 2017) . Several chloroplast functions are controlled by complex redox regulation networks (Dietz et al., 2016) and changes in photosynthesis-derived ROS levels steer chloroplast retrograde signaling by altering nuclear gene expression (Chan et al., 2016; Leister, 2017) . The reversible oxidation of protein cysteine thiols to sulfenic acid by H 2 O 2 operates as a redox-based perception and signal transduction mechanism (Roos and Messens, 2011) . Despite the enhanced signaling properties of H 2 O 2 in terms of half-lifetime and membrane permeability, compared with other ROS molecules, it is reasonable to assume that the initial targets of chloroplast-derived H 2 O 2 should reside in the chloroplasts or in their close vicinity.
The majority of reported regulatory cysteine oxidations on plant proteins are derived from mechanistic studies on individual proteins; however, the development of proteomic tools to detect cysteine oxidation in a more comprehensive way (reviewed by Akter et al. 2015b; Foyer et al. 2018) have recently accelerated the identification of oxidized proteins in plants. Two proteomics approaches using DYn-2 and OxiTRAQ to identify sulfenylated (Akter et al., 2015a) and redox-sensitive proteins (Liu et al., 2014) , respectively, reported that approximately 30% of all cysteine-oxidized proteins are plastidial proteins. Thus, these label-based protocols applied to the total proteome are able to reveal snapshots of organellar redox-sensitive proteomes, but in vivo enrichment of the organellar proteome clearly outperforms total-extract experiments, because of the increased probability of identifying low-abundant proteins. Previously, approaches to identify chloroplastic/ plastidic proteins required organellar fractionation, a procedure with increased risk of protein oxidation (Table 2) . Moreover, the trapping procedures for cysteine-oxidized proteins were performed in vitro from organellar extracts, lacking an in vivo context. The majority of these studies focused on the identification of Trx/Grx targets. Two independent studies on isolated chloroplasts detected reversible cysteine oxidation, one through the altered mobility of oxidized versus reduced proteins (Str€ oher and Dietz, 2008) , and another through an adapted biotin-switch method. The biotin-switch method consists of blocking free thiols, followed by the reduction and subsequent labeling of the cysteine oxidative post-translational modifications (oxPTMs) (Muthuramalingam et al., 2013) . Another downside of both methods is the dependence on gel-based approaches, which only detect the most abundant proteins from a select number of spots/bands, typically identifying fewer than 20 proteins ( Table 2) .
The use of a chloroplast-targeted proteinaceous sulfenic acid trapping probe (chlYAP1C) has several advantages for the identification of biologically relevant redox-sensitive cysteines in the chloroplast proteome. Most importantly, no organellar fractionation procedures are required as a result of the location of the chlYAP1C probe in the chloroplasts. Along the same lines, protein identification does not depend on prior knowledge of the presumed or experimentally proven plastid location of the detected proteins. Furthermore, and when desired, this probe can easily be targeted to other plastidial compartments, such as the thylakoid lumen, by fusion to the appropriate targeting signal. As the YAP1C probe reacts with sulfenic acids on proteins, which is the first oxidation step of thiols, the trapped proteins will represent all proteins with redox-sensitive cysteines: not only those with reversible disulfides, but also those with irreversible overoxidized cysteines. Moreover, a gel-free proteomics approach allows the detection of an increased number of proteins, including low-abundant proteins ( Figure S1 ; Table 2 ). Here, we identified 132 putative sulfenylated plastid proteins. For a few of these proteins the cysteine-based oxidative regulation mechanism has already been reported, including SBPase (Michelet et al., 2013) , 2-cys Prx (K€ onig et al., 2003) , AMY3 (Seung et al., 2013) and SEX4 (Silver et al., 2013) , some of which will be described below. For other proteins, reversible cysteine oxidation events or interactions with Trx has previously been reported ( Table 1 ). Given that sulfenic acid formation is the first cysteine oxidation step, it is reasonable to assume that proteins with reversible oxidized thiols are initially sulfenylated. Similarly, proteins identified as Trx targets first need to be oxidized to a disulfide, involving sulfenylation. Thirty-three of the putatively sulfenylated proteins have previously been found to possess reversible oxidized cysteines in H 2 O 2 -treated Arabidopsis cell cultures (Liu et al., 2014) by means of the OxiTRAQ method. OxiTRAQ is adapted from the biotin-switch method that consists of blocking the free thiols during protein extraction, followed by a reductive step and labeling of the newly generated thiols with a thiol-reactive and biotinderivatized compound (such as biotin-N-[6-(Biotinamido) hexyl]-3 0 -(2 0 -pyridyldithio) [HPDP] ). After enrichment of tryptic peptides, the oxidized amino acid residue can be detected. Later use of this approach in Arabidopsis cultures treated with salicylic acid and the pathogenic elicitor flg22 (Liu et al., 2015) identified redox-sensitive proteins, 90 of which were also identified in this study. A similar reductive approach had been taken in Chlamydomonas reinhardtii and Arabidopsis plants in which a disulfide exchange resin was used for enrichment of the tryptic peptides, instead of the labeling of free thiols with biotin-HPDP (Slade et al., 2015) . Although highly informative, mainly because of the site-specific identification of cysteine oxidation, both methods are indirect approaches because they rely on the efficiency and specificity of the reduction step by DTT. Moreover, both approaches are performed on protein extracts, lacking an in vivo context. Previously, a cytosolic YAP1C (Waszczak et al., 2014) and a chemical probe (DYn-2) in H 2 O 2 -treated Arabidopsis cells (Akter et al., 2015a) enabled the direct in vivo identification of sulfenylated proteins. Here, we identified one sulfenylated protein (AT4G24830; arginosuccinate synthase) in the plastids that was also trapped by the cytosolic YAP1C probe. With the DYn-2 probe, 31 sulfenylated proteins overlapped with the current study. Sulfenylation was induced by H 2 O 2 for 43 proteins ( Table 1 ), indicating that many plastid proteins were sulfenylated under steady-state conditions. As ROS, including H 2 O 2 , are a continuous by-product of photosynthesis, the chloroplasts are equipped with a set of ROS scavengers to preserve redox homeostasis. Still, several proteins in close proximity to H 2 O 2 production sites are likely to be oxidized when they are redox sensitive. Many metabolic enzymes, such as those from the Calvin cycle (Michelet et al., 2013) or starch degradation (Santelia et al., 2015) , are known to be regulated via oxidation and reduction of thiols, especially triggered by light/dark cycles. The continuous oxidation and reduction of these enzymes, and most likely of many others, enable plants to rapidly adjust their activities with metabolic fluxes.
Here, we identified the sulfenylation of enzymes involved in amino acid, nucleotide, lipid and carbon metabolism and redox regulation (Figure 2c ; Table 1 ). Most noticeable are the enzymes of amino acid metabolism, as they mount to almost half (46%) of the identified proteins. These metabolic enzymes were never identified in chloroplast-directed redox studies (Table 2) ; however, a recent in vitro study in C. reinhardtii with Trx as bait reported enzymes of amino acid metabolism to be enriched (P erez-P erez et al., 2017). Little is known about the redox-regulatory mechanism of enzymes of amino acid metabolism. In plants, thiol-based regulation has only been functionally demonstrated in a few cases. As such, oxidation of the stromal isopropylmalate dehydrogenase 1 (IMD1) leads to a Trx-reversible disulfide that reduces its activity (He et al., 2009) . Likewise, the activity of tryptophan synthase b (TSB) was reduced upon the H 2 O 2 -induced sulfenylation of Cys 308 (Yuan et al., 2017) , resulting in the reduced production of tryptophan and auxin. We identified two 3-deoxy-D-arabino-heptulosonate7-phosphate (DAHP) synthases (AT1G22410 and AT4G39980), one of which is induced by H 2 O 2 treatment. DAHP synthases catalyze the first step of the shikimate pathway, leading to the biosynthesis of chorismate that is a precursor of the aromatic amino acids Trp, Tyr and Phe (Figure 3) . DAHP synthase uses phosphoenolpyruvate (PEP) of the glycolysis pathway and erythrose 4-phosphate (E4-P) of the non-oxidative branch of the pentose phosphate pathway as a substrate. Thus, DAHP synthase connects three pathways essential for plant metabolism and energy supply. As these pathways all compete for substrates (Tzin and Galili, 2010a) , DAHP synthase is an interesting regulatory station during stress, because it can prioritize one pathway over the other. DAHP synthase has been described to be activated by Trx-mediated reduction and to be constitutively active upon alkylation (Entus et al., 2002) , with both observations suggesting a role for redox regulation. Other enzymes from the shikimate/chorismate pathway are also sulfenylated, such as anthranilate synthase 1 (ASA1), ASA2 and chorismate mutase 3 (CM3), which compete for chorismate to produce either Trp or Tyr and Phe. Trp is the precursor of indole-3-acetic acid (IAA). We also identified indole-3-glycerol phosphate synthase (IGPS) as being sulfenylated. IGPS catalyzes the formation of the indole ring of Trp and IAA (Tzin and Galili, 2010a) . Likewise, TSB oxidation and hence inhibition leads to reduced levels of IAA (Yuan et al., 2017) . Redox regulation of the shikimate and downstream pathways suggest a possible interaction between ROS and auxin metabolism (Tognetti et al., 2012) .
Amino acid metabolism is tightly associated with glycolysis, the TCA cycle and the oxidative pentose phosphate pathway (OPPP) (Figure 3) , which are responsible for the production of cellular energy (ATP) and reducing power (NADPH). When plants are exposed to environmental stress conditions and prioritize the activation of defense mechanisms over growth, metabolic demands will shift towards saving energy, hence reducing the glycolysis and TCA cycle activities, usually accompanied with an increase in OPPP activity that provides the reducing power needed to recycle Trx and antioxidant enzymes. These metabolic shifts can differ depending on the type of stress, organism or tissue that is affected (Obata and Fernie, 2012) . After H 2 O 2 treatment, most of the amino acid levels decreased (Ala, Cys, Gln, Glu, His, Ile, Leu, Lys, Phe, Ser, Thr and Val) (Figure 2b) , whereas 24 h after the treatment, the levels recovered (Ala, Asn and Gln) or even overaccumulated (Arg, His, Ile, Leu, Lys, Met, Phe, Trp and Tyr) (Figure 2b) . Similarly, the metabolite levels of the glycolysis and the TCA cycle diminished, in agreement with previous studies (Baxter et al., 2007; Morgan et al., 2008; Lehmann et al., 2009; Ishikawa et al., 2010; Obata et al., 2011) (Figure 2b) ; however, the levels of these intermediates remained low Figure 3 . Schematic overview of the amino acid metabolism represented by sulfenylated enzymes. Circles, rectangles and squares represent enzymes, amino acids and other metabolites, respectively. Filled circles represent enzymes identified as sulfenylated by chlYAP1C. 2-OG, 2-oxo-glutarate; 3PG, 3-phosphoglyceric acid; AcCoA, acetyl coenzyme A; ADT2, arogenate dehydratase 2; AGD2, pyridoxal phosphate (PLP)-dependent transferases superfamily protein; AK-L, lysine-sensitive aspartate kinase; AO, l-aspartate oxidase; APS, ATP sulfurylase; AS, arginosuccinate synthase; ASA1/2, anthranilate synthase 2; AT-HF, histidine HF; AT-IE, histidine biosynthesis bifunctional protein; BCAT3, branched-chain aminotransferase 3; CARA, carbamoyl phosphate synthetase A; CM3, chorismate mutase 3; DAHPS, Class-II DAHP synthetase; DHAD, dihydroxy dehydratase; DHDPR, dihydrodipicolinate reductase, DHDSP2, dihydrodipicolinate synthase; DHS1, 3-deoxy-D-arabino-heptulosonate 7-phosphate synthase 1; GAD, glutamine amidotransferase; GLT1, NADH-dependent glutamate synthase; GLU2, glutamate synthase 2; HDH, histidinol dehydrogenase; HSD1/2, aspartate kinase-homoserine dehydrogenase I/II; HSK, homoserine kinase; IGPS, aldolase-type TIM barrel family protein; IMD1/2, isopropylmalate dehydrogenase 2/3; IMS1, 2-isopropylmalate synthase 1; IPMI1/3, isopropylmalate isomerase 1/3; IPMS1, isopropylmalate synthase 1; MTO1, cystathionine-c-synthase; MTO2, pyridoxal-5 0 -phosphate-dependent enzyme family protein; NAGK, N-acetyl-L-glutamate kinase; OAA, oxaloacetate; OASB/C, O-acetylserine (thiol) lyase isoform B/C; OMR1, L-O-methylthreonine resistant 1; PEP, phosphoenolpyruvate; Pyr, pyruvate; SHM3, serine hydroxymethyltransferase 3; SIR, sulfite reductase; VAT1, acetohydroxy acid synthase (AHAS) subunit. and did not recover or accumulate in the absence of H 2 O 2 . These observations are similar to the metabolite changes in oxidatively stressed rice cultures and Arabidopsis roots (Lehmann et al., 2009; Ishikawa et al., 2010) .
We also observed sulfenylation on enzymes involved in starch breakdown. Glucan phosphorylation, which is executed by a-glucan water dikinase (GWD) and phosphoglucan water dikinase (PWD), induces starch hydrolysis. Next, glucans are dephosphorylated by starch excess 4 (SEX4) and Like-SEX4 2 (LSF2) to improve the accessibility for the hydrolyzing enzymes a-amylase 3 (AMY3), b-amylase 1 (BAM1), BAM3, isoamylase 3 (ISA3) and limit dextrinase (LDA). Although LSF1 has a domain architecture similar to that of SEX4, the phosphatase activity has not yet been demonstrated, and LSF1 is most likely involved in the regulation of the hydrolyzing enzymes (Santelia et al., 2015) . A redox regulatory mechanism has been described for six of these enzymes (SEX4, AMY3, GWD, BAM1, BAM3 and LDA) (Glaring et al., 2012; Seung et al., 2013; Silver et al., 2013) . We confirmed the sulfenylation of SEX4 and AMY3, and now also provide evidence for the oxidation of LSF1 and PWD.
Thiol regulation allows a rapid first-line regulatory response to stress-induced redox perturbation. Studies on the regulation of the amino acid metabolism mainly focus on transcriptional regulation or feedback/allosteric inhibition (Less and Galili, 2008; Binder, 2010; Tzin and Galili, 2010b; Pratelli and Pilot, 2014) , but transcriptional changes are slower than metabolite changes, and do not always correlate with the metabolite changes (Lehmann et al., 2009; Caldana et al., 2011) . Similarly, metabolite changes do not always correlate with changes in protein levels. In the first-line regulation of metabolic enzymes, post-translational mechanisms seem to play an important role for pathway tuning (Obata et al., 2011; Zhang et al., 2017) .
In this study, we showed that amino acid biosynthetic enzymes are redox sensitive, like enzymes of the wellknown glycolysis pathway and TCA cycle (Michelet et al., 2013; Huang et al., 2018) . This suggests a possible additional level of redox-dependent fine-tuning and response on the amino acid-biosynthesis level. It must be said, however, that it is difficult to correlate enzyme sulfenylation with changes in the amino acid levels, and hence direct regulation. Changes in amino acid levels are not only a consequence of altered enzyme activity, but also a consequence of protein degradation, metabolite catabolism, the expression level of the enzyme and the consumption of a specific metabolite by an alternative pathway (Fernie et al., 2005) . Further exploration of the redox regulatory mechanisms of amino acid metabolism, and how they relate to energy metabolism, might be a valuable step towards a better understanding of the strategies that a plants use to respond to environmental alterations.
EXPERIMENTAL PROCEDURES
Constructs, plant material and growth conditions
The chlYAP1C and chlYAP1A probes were generated by synthesizing the sequence coding for the transit peptide of the E1a subunit of the plastid pyruvate dehydrogenase (Smith et al., 2004) and the first four residues of the mature protein (Table S8) , before the GSrhino and YAP1 sequences (translational fusion), all flanked by the AttL1 and AttL2 Gateway recombination sites. After gene synthesis (Gen9, Cambridge, UK, ceased operations), the sequences were cloned in the plant transformation vector pK7WG2 (Karimi et al., 2002) or in pK7FWG2 for the GFP C-terminal fusion constructs, with the omission of the stop codon. Vectors were transformed in PSB-L cultures (stock no. CCL84841; NASC, http://arabid opsis.info) and transgenic cultures were grown as described by Van Leene et al. (2011) . Cells at the mid-log phase (OD 600 of 0.75) were treated with 1 mM H 2 O 2 for 15 min to identify sulfenylated proteins, or for 4, 8 and 24 h to determine metabolite levels.
Agrobacterium-mediated infiltration and confocal microscopy
Agrobacterium tumefaciens [OD 600 = 0.5, resuspended in 10 mM MgCl 2 , 10 mM 2-(N-morpholino)ethanesulfonic acid (MES) monohydrate (pH 5.6) and 100 lM acetosyringone] containing p35S:: chlYAP1C-GFP and p35S::chlYAP1A-GFP were infiltrated with a needleless syringe in the interveinal leaf sections of 6-week-old N. benthamiana plants. Three days after infiltration, GFP fusion proteins were visualized and images were obtained with an inverted Zeiss LSM 710 confocal microscope (Zeiss). Excitation and detection windows were: GFP excitation at 488 nm, emission at 493-543 nm; chloroplast autofluorescence excitation at 633 nm and emission at 638-685 nm.
Protein extraction, tandem affinity purification and LC-MS identification
Protein extraction, YAP1C-purification and MS identification were performed as described by Waszczak et al. (2014) .
Processing of the proteomics raw data
The MS raw files were processed separately in two batches (chlYAP1C and chlYAP1A samples) by MAXQUANT 1.5.3.30 (Cox and Mann, 2008) . The derived peak lists were searched with the builtin Andromeda search engine against the representative Arabidopsis TAIR10 proteome (http://www.arabidopsis.org), appended with proteomic contaminants (http://www.thegpm.org/crap/) and the chlYAP1C and chlYAP1A sequences. A full overview of the MAX-QUANT parameters used is available in Table S9 .
Background filtering and quantitative proteomics
The 'proteinGroups.txt' files generated in MAXQUANT were further analyzed with PERSEUS 1.5.4.0 (Tyanova et al., 2016) . First, decoy, contaminant proteins and proteins only identified by site were omitted. The remaining proteins were required to contain at least two peptide matches with at least one unique matching peptide. The chlYAP1C samples were grouped according to stress (0 and 1 mM H 2 O 2 ). Proteins were considered only when present in at least half of the treated, non-treated or total number of replicates. After log2 transformation of the protein label-free quantification (LFQ) intensity values, missing values were imputed according to the normal distribution around the detection limit of the mass spectrometer (width = 0.3; down shift = 1.8). The 1 mM H 2 O 2 samples were compared with control samples by a two-sample Student's t-test (FDR = 1%; S 0 = 1).
Further, a 2 9 2 contingency v 2 test was applied:
with a and b representing occurrences of the protein in treated and untreated samples, respectively, and c and d representing instances in which the protein was not identified in the treated and untreated samples, respectively. All protein groups containing at least one unique peptide in the chlYAP1A control samples were compiled as a chlYAP1 background list (i.e. interactors not resulting from the Cys-SOH interaction) (Table S2 ) and filtered out of the chlYAP1C interactor list.
Annotation of the subcellular localization of the identified proteins
The plastid localization of chlYAP1C-trapped proteins was annotated based on published experimental data. First, a list of identified chloroplastic proteins was compiled (Table S3) , initiated by the Plant Proteome Database (Sun et al., 2009 ) and expanded with publications identifying chloroplastic proteins from 2011 onwards (Katoh et al., 2006; Olinares et al., 2010; Kong et al., 2011; Behrens et al., 2013; Helm et al., 2014; Rowland et al., 2015) , generating a list of 2295 experimentally validated chloroplast proteins. Eight proteins were annotated in addition as chloroplastic, based on computational prediction, as indicated in the Subcellular localization database for Arabidopsis proteins (SUBA3 ; Table S4 ).
Gene set enrichment analysis
Gene set enrichment analysis was performed with the PlantGSEA database (Yi et al., 2013) . A hypergeometric test (FDR > 1%) was used in combination with the Hochberg FDR correction. The compilation of experimentally validated plastid proteins (Table S4) was used as the background set.
GC-MS analysis
Frozen cells were crushed with a pestle and mortar in liquid nitrogen. To 50 mg of the frozen cells, the following products were added sequentially with thorough mixing and incubation for 10 min at 4°C: 600 ll of ice-cold N,N-dimethylformamide, 9.5 lg ml À1 ribitol and 400 ll of milliQ. Samples were centrifuged at 16 100 g at 4°C for 8 min. The liquid phase was collected and supplemented with 600 ll Xvlene and incubated with continuous shaking at 4°C for 10 min. After centrifugation at 16 100 g at 4°C for 3 min, the organic phase was discarded and 300 ll of the polar phase was dried under vacuum. The residue was derivatized at 37°C for 120 min (in 40 ll of 20 mg ml À1 methoxyamine hydrochloride in pyridine), followed by a 30-min treatment at 37°C with 70 ll of N-methyl-N-(trimethylsilyl)trifluoroacetamide.
The GC-MS system used was a gas chromatograph coupled to a time-of-flight mass spectrometer (Leco Pegasus HT TOF-MS; Leco). The samples were injected with a Gerstel MultiPurpose autosampler system. Helium was used as the carrier gas at a constant flow rate of 2 ml s À1 and GC was performed on a 30-m DB-35 column. The injection temperature was 230°C and the transfer line and ion source were set to 250°C. The initial temperature of the oven (85°C) increased at a rate of 15°C min À1 up to a final temperature of 360°C. After a solvent delay of 180 s, mass spectra were recorded at 20 scans per s with an m/z of 70-600. Chromatograms and mass spectra were evaluated by CHROMA TOF 4.5 (Leco) and TAGFINDER 4.2 (Lisec et al., 2006) .
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Figure S1 . Protein abundance box plots of Arabidopsis proteome, chloroplast proteome and sulfenylated plastid proteins identified by chlYAP1C. Table S1 . Detailed overview of chlYAP1C-interacting proteins, including non-specific interactors and LFQ intensities. Table S2 . chlYAP1A interactors (background list). Table S3 . Chloroplast proteome (see Experimental procedures). Table S4 . SUBA3 output for the 10 proteins not represented in the chloroplast proteome. Table S5 . Details of the gene-set enrichment analysis (GSEA) output of the 132 sulfenylated proteins. Table S6 . Details of the gene-set enrichment analysis (GSEA) output for the 43 proteins with increased sulfenylation upon H 2 O 2 treatment. Table S7 . Detailed results of the metabolite profiling. Table S8 . chlYAP1C and chlYAP1A nucleotide sequences. Table S9 . Overview of the MAXQUANT parameters.
